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BEAM AND TORSION TESTS OF ALUMINUM-ALLOY 61s-T FUBING

By R. L. Moore and Marshall Holt - -
SUMMARY . T oI

Tests were made to determine the effect of length and —
the effect of ratios of dlameter to wall thickness upon i
the flexural and torsional moduli of failure of 61s-m S
aluminum-alloy tubing. . e o

The moduli of failure in bending, as determined dy
tests in which the tubing was loaded on the neutral axis
at the one-third points of the span, were found fto besr . ==
an approximately linear relationship with dilameter-thick- . - ——
ness ratio and were practicelly independeunt of span within '
the limits investigated. Empirical equations are gilven
describing the relations obtained. : -

Tho modull of failure in torsion were found to be de-
. pendent upon length as well as upon diameter-thickness o
ratios. Enpiricel eguations are gliven for predicting e
gstrengths within the range of plastic buckling. V¥Within
the elastic range, available %torsion theories were found Ty
to be satisfactory. . T T T

INTRODUCTIOH ‘ i

The tests described in this report were undertaken at
the request of an alircraft manufacturer for data on the =
moduli of failure of aluminum-alloy 61S-T tubing in band-
ing and torsion. In vlew of the increasing use of this R
alloy in aircraft construction there is 2 need for more i o
information relative to its structural strength. An abt- 3
tempt has been made in this report to present date for
615-7 tubing paralleling that given in figures 5-6 and
b-7 of reference 1, for the other aluminum alloys commonly
used in ailrcraft.

e e r———

The object of this investigation was to determine the - -
effect of length and the effect of ratio of diameter to T
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wall thickness upon the flexural and torsional moduli of
failure of 61l8~7 tubing. - - - .

-

MATERIAL

Two series of tests of 615~T tubing were made: one
of tubing having a nominal outside diameter of 2.00 inches
and the other of tubing having an outside diameter of 1.32
inches. BRach serles consisted of tubes having ratios of
outside dlametsr to thickness D/t - of approximately 10,
20, 40, 60, and 80. .

The mechanical properties of each item of tubing
were determined by tensile, compressive, and shear tests
-of specimens of full cross sectlion. Thess properties are
summariged in table I and indicate that the material used
was representative of normal copmmercial productLon. (See
table 23 of reference 2.)

SPECIMENS AND METHODS 'OF TEST

The loading fixture used in the beam tests, which was
designed and duilt at Aluminum Hesearch Laboratories in
1937, is shown in figure 1. The specimens consisted of
pieces of tubing of full cross sectlon, 4 inches longer
than the span. ©They were supported at the ends of the
span and at the intermediate load points by snug-fitting
yokes with knife-edge supports in the plane of the neutral
aXis. The end yokes were mounted on rollers in order to
minimize:-restraint to movement of the ends accompanying
the- vertical deflections. Ioad was applied equally to the
. one-third points of the- span through knife-edge bearings
. in the plane-of the neptral axis.

The beam tests were made in an Amsler universal test-
. Ing machine pof 40 OOO—pound capacity. Intermediats load
_ranges of 1000, 2000 4000, and 10,000 pounds were used in
order to obtain the greatest precision and’ aceuracy for
the dlfferent sizes of tubing investigated. :

The beam specimens are described in table IXI. A span
equal to 20 times,the_diameter was used for all sizes of
tubing, and spans of 10 and 6 times the dismeter were also
used for the 2-~inch-diameter tubes having D/t ratios of
20, 40, and 60, :
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-pPlugged length at each end. Table III gives the dimen—
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The torsion tests were made in an Amsler torsion
machine of 1200-foot—pound  capacity. Intermediate load
ranges of 240, 400, and 800 foot—pounds, as well as the
maximum load range, were used. The specimens consisted
of full cross sections of tubing gripped over s 4—inch

slons of the specimens and the ratios of diameter to
thickness D/t and length to diameter L/D,
RESULTS AKD DISCUSSION e e
Beam Tests _-f Com =z
Table II gives the maximum loads supported by the

tubing in the beam tests and the corresponding maduli of
failure computed by the ordinary beam formulg

.. Mc
Fb = ?? (1)

where - _
Fy modulus of failure, pounds per square inch =
M maximum bending moment under ultimate load, .

inch—pounds —
c distance from neutral axis to extreme fiber, inches
I moment of inertia of cross section, inch4

It will be seen from these dsta and from those shown in .
figure 2 that the modulil of failure in bending varied o
considerably with the ratios of diameter to thickness but
that they were not sensitive to differences between spans

of 6, 10, and 20 diameters’. In the case of the thinnest-—
wall tubes, failures occurred suddenly by buckling of the
tube walls; Wwhereas, in the case of the thickest—wall tubes,
failures occurred by plastic yielding sccompanted by large
deflections. In no case was there evidence of impending
failure resulting from excessive tensile stresses,

Figure 2 also shows the relations found between ten—
sile and compressive strengths ané the D/t ratios of the
tubes, The tensile strengths were practically constant
for the tubings of different digmeters and were independent
of D/t; whereas the compressive strengths, of course,
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decreased as .D/t increased. Computed compressive
strengths within ‘10 percent of thess test results are
obtained for values of D/t from 20 to 80 by using the
method glven 1in reference 3, and the straight-line column
curve for thls material obtained by the method ocutlined
in reference 4., The computed values are on the comserva-
tive side. . : :

It is seen in figure 2 that the moduli of failure in
bending were egual to or greater than the compressive
strengths of the tubing for corresponding values of D/t.
The maximum ratlo of these stresses was 1l.26, found for a
D/t ratio of 40. In tests of some duralumin cylinders
with D/t ratios greater than about 300 (reference 5),
it was found that the ratioc of the modulus of failure 1n
bending to the compressive strength of the cylinders
varied from 1.30 %o 1.80. The duralumin cylinders failed
at stresses 1n the elastic range; whersas the 618~T7 tuboes
tested in this investigatlon failed at stressces abovs the
elastic range. _

Flgure 3 shows a nondimens1onal plot of the data in
which the coordinates arse

1 E 3%
ol = (2)
8 Foy D
and C
Oprg 7 Iy (?)
' T
where ey
B modulus of elasticity, pounds por squarc inch
Fcy compressive yield strength, pounds per square inch

This method of plotting was proposed in conncction with
the analysis of results of similar tests on 17S8S-T round
tudbing (reference 6). The advantage of this nondimen-
sional plot is that it is possible to iaclude, on a
rational basis, factors which are known %0 affect the
modulus of failure in bending, such as the yileld strength,
the modulus of elasticity, and the proportions of the
tubing. The data in figure 3 can be represented very well
by the equation

"
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= 1.57 - ==L O (a)

An expression for the modulus of failure of 6185-T
tubing in terms of the compressive yield strength, the
modulus of elasticity of the material, and D/t 1is ob-
tained by substituting equations (2) and (3) in equation
(4). The resulting expression is

2 )
P
F. = 1,57 F - 1.7 (ey) D (5)
b cy B t

For the properties of the 61S-T tubing tested,
equation (56) reduces to

¥y = 65,300 - 292 -2 - S (8)

which i1s represented by the straight line shown with the
data in figure 2. An equation for 61§-T tubing having
any other value of compressive yleld strength Fcy can

be obtained by: substituting this value  in egquation (5),
provided, of course, that ths material considered has
about the same ratio of yield strength to ultimate

strength as the tubing tested. ' If- it i5 assumed that the

ninimum compressive yield strength is equal to the mlnie
mum specified tensile yleld strength, which might be rea-
sonable for this alloy on -the basis of the values given
in table I, the equation for 618-~T tubing that Just meets
the requirements for & minimum specified tensile yield
strength of 35,000 pounds per squars inch, according to
Federal Specificatlon WW-T-789, is

F, = 55,000 - 208 2 L

+

The line represeinted by this equation corresponds-to the

design data given in figure 5-6 of reference 1, for 178-T

and 24S5-T tubing. Figure 4 shows the effect of D/%
upon the modull of fallure in bending for these ‘three

aluminum alloys, which have guaranteed minimun propertlesf

It should be borns in mind that the modull of fail-
ure in bending here consldered were obtained from tests
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in which equal loads were applied at f$he one-third points
of the spans. Under other test conditions, such as center-
point loading, sllightly different values of modulus of
failure would probably have been obtained.

Torsion Tests

Table III gives the maximum torques and the corre-—
sponding moduli of failure, or average shear stresses, for
the tubes subjected to torsion tests. These values were
computed by the formuls ' '

By = = (8)
8% onr®y
where
Fst modulus of failure in torsion, pounds per square inch
T torque producing failure, inch-pounds

r mean radius, inches

Two types of action were obtained: one involving plastic
buckling in which the moduli of failure were dependent
mainly upon D/t; the other involving elastic buckling

in which L/D as well as D/t was & significant factor.
In the cases of plastic buckling, the moduli of failure
developed were above the shear yleld strengths of the ma-
terial given in table I; in the cases of elastic buckling,
the computed stresses were below these vyield-strength
values. '

Figure 5 shows the results obtalned by plotting /D
againet ratios of modulil of failure in torsion to tensile
strengths. This method of analyzing torsion test data for
aluminum-alloy tubing was first used at the National Burseau
of Standards (reference 7) and is helpful in 1llustrating
the types of action involved. In view of the fact that
only one test result for 615-T tubing was obtained in the
vicinity of the so-called range of plestic shear, the lim-
1ts shown for this range are based largely upon the results
of othser torsion tests of aIuminum—alloy tubing (reference 8).
It has been found that the shear strength of the heat-
treated alloys in torsion, which constitutes an upper limils
for moduli of failure, may be taken congorvatively at about
65 percent of the tensile strength., Although the transition
between the ranges of plastic shear and rlagstic buckling
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has been selected arbitrarily at a value of +/D of 0.1
and there are some data which indicate this choice to be
reasonable, there is, of courss, no deflnite p01nt mark-
ing the limits of the two types: of actlon.

In the range of plastic buckling shdwn in figure 5
the relation betwesen torsional modulus of fallure, tensile
strength, and %/D may be expressed approximately by the
relation : :

238t _ 3,7 2, .03 B T (9)
where Fi,, 1is the tensile strength in pounds per square
inch. This empirical expression for 61l8-T tubing differs
from those developed for 175-T, 248~T, and 248-RT tubirng
at the WNational Bureau of Standards (reference 7) and ‘at
Wright Pield (reference 9) in that the slope of the cor-
responding straight line 1s less. and the intercept on the
theoretical curves for elastic buckling is higher than
that found for these other aluminum- alloys. The explana-
tion for this difference may presumably.-be attridbuted %o
fundamental differences in the stress-strain character-—
istlcs of the materials. The ratio of the tensile yield
strength to tensile strength for the 615-T tubing used
averaged 0.89, which 18 appreciably higher than the cor-
responding ratios for the other afore~mentioned sluminum
alloys. - For material having a yield strength cequal to
the tensile strength, 1t seems reasonable to0 believe that
the straight line for the range of plastic buckling would
become almost horizontal; that is, there would be no inter-
mediate range between plastic shear, where the ultimate
strength is the controlling factor, and the range of elas- -
tie buckling. co ” -

The transition between the range of plastic and elas-
tic buckling with respect %o - t/D depends upon the  length
of tubing considered, The theoretical buckling curves
shown in figure 5 were computed for an assumed condition
of simply supported edges according to a solution develoPed
by. R« G. Sturm* and summarized in referencs 10. Values of
modulus of failure averaging about 7 percent higher would
have been obtained had -the torsion theory proposed by L. H.
Donnell in reference 11 been nsed. Although the agreement
between theoretical and observed moduli of failure in the
elastic range 1s not especially good in some¢ cases, the

¥Thesis submitted to University o?"ﬁehrnska in partial ful-
fillment of the requirements for the professional degree
in $ivil Engineering, June 1938.
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results appear sufficiently close to warrant consideration »
of the length effect. In the reports by the Bureau of

Standards and by Wright Pield (references 7 and 9),

Schwerints theoretical solutlion for long tubes was used, ¢
which does not include length as a significant factor in

the range of elastlc buckling.

Figure 6 shows more clearly than figure 5 the rela-
tion found between moduli of failure in torsion and L/D.
For tubes having values of D/t of 19,8 and 39.4, the
length of specimen tested had no slgnificant besaring upon
ultimate strengths. For tubes having a value of D/t of
58.8 the effect of length was slightly noticeabdle, and
for a value of D/t of 80.6 the length factor was quite
significant. The test values for tudblag with a valune of
D/t of 80,6 gveraged about 12 percent below the theoret-
ical curve for elastic action.

FPigure 7 shows the relation found between moduli of
failure in torsion and D/t for two series of tests in-
volving different values of L/D. 1In the range of plastic
buckling the empirical curve shown corresponds to the ob-
lique straight line given 1n figure 5. The theoretical
curves for elastic dbuckling were computed in the manner
previously discussed. The falr agreement between computed
and observed modulil of fallure for the proportions of
specimens used 1s believed to warrant the conclusion that
the torsional strength of any size of 615-T tube may be
predicted with reasonable accuracy, provided that the ratlo
of tenslle yield to ultimate strength ls comparablc to that
for the material tested. In the range of plastic shear in-
volving values of D/t less than about 10, the ultimate
shear strength of the material 1In torsion may be assumed
equal to 65 percent of the tensile strength. In the range
of plastic buckling the empirical eguation gilven in figuro
7 requires only the substitution of a value for tensile
strength P, to make it applicable to other 615-T tubing

or to other aluminum alloys having the same ratlio of ten~
slle yield to ultimate strength. Tlastic buckling becomes
critical whenever the stresses computed by the toprsion
theory, invoelving both D/t and L/D. are less than those
determined by the equation proposed for plastic bduckling.

Figure 8 shows the relation between D/t and modulil
of fallure in torsion for 24S8~RT, 24S8S-~T, and 178-T tubing
as indicated in figure 5~7 of reference 1 and correspond- &
ing data for 61S-T tubing having guaranteed minimum prop-
erties according to Federal Specification WW-7-788, Inas-
much as the ratio of témsile yield to ultimate strength
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for 615—T meeting specification reguirements is about
0.83, instead of 0.89 as found for the tubling tested,
equation (9) is not strictly applicable. On the Rasis

of results obtained from other torsion tests of aluminum—
alloy tubing, however, in which it has Tbeen possidble to
investigate more thoroughly the effect upon torsional
strength of the ratio of tensile yield strength to ulti-
mate strength, the following equation for 6IS-T tubing
meeting specification requirements has been obtained

- .
F_, = —tu (5.9 £+ 0,71) (10)
2 D .

The curve for 61S—T tubing shown in figure 8 was deter—
mined from equation (10).

It should be pointed out in connection with fligure 8

that the moduli of failure gilven in reference 1 are appar—_

ently extreme fiber stresses computed by the ordinary
_torsion formula for circular sections] whereas for the
615—T tubing they are values computed on the assumntion

of & uniform distribution of shesr stress at fallure..

The latter procedure was adopted because it was belleved
to approach more nearly the actual stress condition devel—
oped in a ductile material stressed above the elastic
range. The difference between the two methods of comput—
ing moduli of failure does not become significant until
relatively thick—wall tubes are considered. For a value
of D/t of 20, for example, the difference in stresses

is only 5 percent; for a value of D/t of 10, the differ—
ence is 10 percent, In the case of a solid round bar,

having a value of D/t of 2, the modulus of failure de—

fined as extreme fiber stress is 33 percent higher than
the value obtained by assuming a uniform distridbution of
shear stress, 1t appears from figure 8 that the values
of modulus of failure shown by the ANC—-3 curves for val—-
ues of D/t from 2 to 10 are not extreme fiber stresses
but correspond rather to the assumption of uniform stress

digstribution made for the 615~T tubing
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CONCLUSIONS -

The following conclusions have been drawn from the
data and discussion presented in this report on beam and
torsion tests of 618-T aluminum-alloy tubing:

1. The material -used in this investigatlon was rep-
resentative of normal commerclal productlon. The tensile
and compressive yield strengths were approxlmately equal
and averaged about 90 percent of the tensile strengths.

2. The moduli of failure in bending, as determined
by tests in which the tubing was loaded on the neutral
axis at the one-third points of the span, were found to
bear an approximately linear relatlonship with diasmeter-
thickness ratics and were practically indepsndent of span
within the limits ilnvestigated.

3., For diameter-thickness ratlios between 10 and 80
the moduli of failure in bending exceeded, in every case,
the compressive strength of the tubing obtained for spec—
imens of slenderness ratio of 10. Por diameter-thickness
ratiog less thaen 70 the moduli of failure also exceeded
the tensile strength of the material.

4, Por the tubing tested, which had a compresslve
vield strength equal to about 41,500 pounds per square lanch,
the moduli of failure in bending are approximated by the
egquation

F, = 65,300 - 292 % | (6)
whers '
Py modulus of failuré in benhing, pounds per square inch
b outside diametar.linches.
% wall thickness, inches

For material that has a value of compressive yiecld strength
equal to the minimum tensile yield strength of 61§-T,
according to Federal SJpecification WW~T-789, values of
moduli of fallure in bending may be approximated by means
of the equation

F, = 55,000 - 208 % (7)
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5. ‘Phe meduli of failure in torsion for the tubes
which failed by plastic buckling for diameter~thicknass
ratios of 10, 20, and 40 at%t stresses above the shear
yield strength of the materlal were found to follow the
gmplrical relation

Fiu £
Tgog = —E— (3.7 5 + 0.93) ! (9)
where
Fst modulus of fallure in torsion, assuming uniform shear o

stress, pounds per square inch = T —
Fin tensile strength, pounds per square inch

Equation (9) appears applicable to other 615-T tubing, o
provided that a ratio of tensile yield to ultimate strength
of about 0.89, corresponding to that of the material
tested, is obtained

6. For 618-T tubing that has properties just meeting
specification requirements, for which the ratio of ten~
sile yield to ultimate strength is equal to about 0.83,
moduli of failure in torsion in the range of plastic buck-
ling may be estimated from the relation s

Fiu t
Pst='—-2—(595'+071). (10)

7. The meduli of failure in torsion for the tubes
that failed by elastic buckling, in which both diameter-—
thickness and length-diameter ratios were significant L
factors, were computed quite satisfactorily by avelladls ‘
torsion theories. The limits of applicability of the
buckling theoriss and the empirical equations for plastic.
buckling depend upon the 1ength-dlameter ratios of the
tublng.

Aluminum Rescarch Laboratories,
Aluminum Company of America, o
Kow Kensington, Pa., May 22, 1942. —-
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TABLE I

MECHANICAT PROPERTIZS OF ATERIAL USED FOR BEAM AUD TORSION TESTS OF 61S~T ROUND TUBING

[Specimens of full cross section used; average modulus of elasticity in tension as

determined with Martens mirror-type extensometer on U-in. gage length, 10,000,000
1b/sq in.; average modulus of elasticity in shear as determined by Amsler troptom-
eters on 16-in. gage length, RéSY0,000 lb/sq in. Valueg from Federal Specification
WW-T-789: tensile strength, 42,000 1b/sq in.; tensile yield strength, 35,000
lb/sq in.; elongation in 2 in. for wall thickmesses between 0.025 and 0.049 in,, 8
percent; elongation in 2 in., for wall thicknesses between 0.050 and 0.259 in.,

10 percent] :

Nominal size Yiocld strength Ultimate strength Elongation
(offset, 0.2 percent)

(in.) (1b/sq in.) (1b/sq in.) (percent)
Outside Wall Tension | Compression Shear Tension |Compression® | in 2 in. in & in.
diameter | thickness

(0.016 | %0,500 (v) (b) 45,000 40,800 10.0 8.3

.023 | 38,000 (v) (v) 43,000 i9,ooo 17.0 114

.033 | 38,500 41,000 22,000 | 43,200 1,900 19.0 11.9

1.32 .066 | 39,800 42,300 22,800 | 46,200 46,300 18.5 12.0
132 | 39,700 41,000 22,500 | 45,200 52,700 22.0 12.3

.025 | 40,700 (v) (b) 4,900 33'600 17.0 1.4

.033 | 40,000 40,700 (v) LY. 90D , 800 18.5 12.5

2.00 .050 | 41,500 42,600 23,300 | U45,700 43,600 21.5 12.6
.100 | 38,600 37,600 21,500 | 42,700 43,600 26.5 13.9

.200 | k1,000 41,%00 (c) 45,400 53,300 26.0 13.0

b

2Determined from specimons having a sleonderness ratio of 10.
Tube failed at a strain less than that dofining tho yield strength.

Torsion machino capacity not sufficien’ to develop shear yicld strongth.

498 °*ON 930N T®PTUUDPeL VOVN

21



DESCRIPTION OF SPECIIENS AND RESULTS OF BEAK TESTS OF 615-0 TUBING

TABLE II

[ Specimons testod as simply supportod boasms; load on noutral
axis at ono-third points of tho spans]

Outeide Wall Koment of Span Maximum | MoGulus of
digmeter, D | thickmess, t D/t inertia Load failure®
(in.) (1n.) (in.%) (&em) | (1n.) (1v) (1b/aq in.)
1.322 0.016 82.7 0.01h0 20 26.0 197 40,310
1.322 .022 60.2 .0190 20 26.0 304 115,850
1.321 .033 40.0 0277 20 26.0 512 52,915
1.329 .066 20.1 .0523 20 26.0 1067 58,730
1.319 132 10.0 0877 20 26.0 1893 61,660
2.002 .025 0.1 0757 20 4o.0 498 43,890
2.002 .033 60.7 .0990 20 %0.0 720 48,530
1.998 .oag 40.7 L1426 20 40.0 1172 5L, 74O
1.998 .100 20.0 .2693 20 | Lo.o 2215 KL, 720
2.001 202 9.9 13669 20 40.0 oo 62,860
2,002 .033 60.7 .0990 10 20.0 1467 49,40
1.998 .039 Lo.7 .1l26 10 20.0 2356 55,010
1.998 .100 20.0 2693 10 20.0 ulog Bl 110
2.002 .033 0.7 ,0930 6 12.0 2klig 49,490
1.998 .039 4.7 126 6 12.0 3975 55,680
1.998 .100 20.0 | .2653 6 12.0 T4H5 55,250

®Computed bending stress in extrens fibers corresponding to maximum bending moment.

A28 *oM ©30N T®O2TUYO6L TOTK

FT
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TABLE III. - DESCRIPTION OF SPECIMENS AND RESULTS OF

TORSION TESTS OF 61S-T TUBING

Length
Outside Wall = | between Maximum | Modulus of
diameter, D | thickness, t| grips, I| D/t | I/D| torque failure®
(in.) (in.) (in.) (ft-1%) | (1b/sq in.)
1.322 0.0164 7.5 | 80.61 5.7 70 19,100
22.5 80.6}17.0 38 10,400
36.5 80.6 | 27.6 34 9,300
1.325 .0225 7.5 58.8 | 5.7 93 18,600
22.5 58.8 | 17.0 g7 17,400
36.5 58.8 | 27.6 76 15,200
1.321 .0335 7.5 39.41 5.7 165 22,700
22.5 39.4{17.0 162 22,300
36.5 39.4 | 27.6 160 22,000
1.318 .0665 7.5 19.8 | 5.7 246 25, 400
22.5 19.8 {17.1 343 25,100
36.5 19.8 | 27.7 354 25,900
1.319 .1320 22.5 10.0{17.1 697 28,600
2.000 .0248 23.0 80.6 | 11.5 195 15,400
2.001 .0330 23.0 60.6 | 11.5 339 20,200
1.998 .0l495 23.0 4o.k% {11.5 589 23,900
1.996 .0995 23.0 20.1 {11.5} 1147 24,500

a(‘:omputed shear stress in mean fibers corresponding %o
maximum torque.
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igure 1.-— Method of loading beam specimens on the neutral axls at the one-third ,
points of the span.
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Stress, lb/ sq in.

Fig. 2
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Figure 2.~ Modulus of failure in bending and the mechmmaical
properties of 615~T round tubing,
Beams lozded &% one-third pointe of span-
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Figure 4.~ Hodulus of failure in bending of aluminum-alloy round tub-
ing. Beams loaded at one-third points of spany tubes sup-

ported against local failure at loading points. (Data for 17S-T and

245-T tubing are taken from fig. 5-6 of reference Ll.) :
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Modulus of failure in torsion, Fgt» 1b/sq in.

Fig. 8
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Figure 6.- Moduli of failure in torsion against L/D ratios

for aluminum-alloy round tubing.

Diameter, 1.32 in.
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Figure 7.- Moduli of failure in torsion against D/ t ratios
for alminum-alloy round tubing.
Fgy = 44,700 pounds per square inch
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